ABSTRACT
INTRODUCTION

1
Rare copy number variants (CNVs), including deletions and duplications in the human 2 genome, significantly contribute to complex neurodevelopmental disorders such as 3 schizophrenia, intellectual disability/developmental delay, autism, and epilepsy (1, 2).
4
Despite extensive phenotypic heterogeneity associated with recently described CNVs (3), 5 certain rare CNVs have been linked to specific neuropsychiatric diagnoses. For example, the 6 22q11.2 deletion (DiGeorge/velocardiofacial syndrome), the most frequently occurring 7 pathogenic CNV, is found in about 1-2% of individuals with schizophrenia (4, 5), and animal 8 models of several genes within the region show neuronal and behavioral phenotypes on their 9 own (6, 7). Furthermore, the 1.6 Mbp recurrent deletion on chromosome 3q29, encompassing 10 21 genes, was initially identified in individuals with a range of neurodevelopmental features,
11
including intellectual disability, microcephaly, autism, craniofacial features, and speech 12 delay, but further studies implicated this deletion as a major risk factor for schizophrenia (8, 13 9). In fact, a recent meta-analysis estimated that the deletion conferred a greater than 40-fold 14 increase in risk for schizophrenia (10, 11). therefore excluded from further analysis ( Table S2 ). To identify genes essential for organism 11 survival and neurodevelopment, we first assessed the effect of ubiquitous knockdown of 3q29 12 homologs using the da-GAL4 driver (Figure 2A) . showed severe wing defects and DLG1 dlg1 showed larval lethality after knockdown using the 17 wing-specific beadex MS1096 -GAL4 driver ( Figure S1A ).
18
We next tested for defects in neuronal function, including climbing assays for motor 19 defects and staining of larval brains for axonal targeting, with knockdown of 3q29 homologs. pan-neuronal knockdown of several 3q29 homologs, including DLG1 dlg1 and NCBP2 Cbp20 ,
25
exhibited a strong reduction in climbing ability over ten days ( Figure 2B , Video S1), 26 suggesting that these genes could contribute to abnormalities in synaptic and motor functions 27 (24). We next examined the axonal projections of photoreceptor cells into the optic lobe by 28 staining third instar larval brains with anti-chaoptin. We found that GMR-GAL4 mediated schizophrenia-associated genes, such as DISC1 on chromosome 1q24.2 and ZDHHC8, 32 located within the 22q11.2 CNV region (7, 25) . Overall, our data show that multiple 3q29 The Drosophila compound eye has been classically used for performing high-throughput 5 genetic screens and quantitative assays of neurodevelopmental defects (26). In fact, about 6 two-thirds of all vital genes in the fly genome are predicted to be involved in fly eye 7 development (27). For instance, the Drosophila eye model was recently used to screen a large 8 set of intellectual disability genes (28), and genetic interaction studies using the fly eye have 9 identified modifier genes for Rett syndrome, spinocerebellar ataxia type 3, and other 10 conserved developmental processes (29-31). We used the developing fly eye as an in vivo 11 system to quantify the effect of gene knockdown on adult eye morphology, cellular 12 organization in the pupal eye, and cell proliferation and death in the larval imaginal eye disc.
13
The wild-type adult Drosophila eye consists of about 750 ommatidia containing different cell 14 types arranged in a regular hexagonal structure, which can be easily perturbed by genetic significantly larger than controls ( Figure 2D) . Similarly, we observed increases in 28 ommatidial diameter for DLG1 dlg1 flies and decreases in diameter for NCBP2 Cbp20 and
29
BDH1
CG8888 flies, suggesting that these genes also contribute to abnormal cell growth 30 phenotypes ( Figure S3B ). We also assessed the cellular structure of 44 hour-old pupal eyes 31 by staining the ommatidial and photoreceptor cells with anti-DLG, a septate junction marker, 32 and Phalloidin, a marker for F-actin at cell boundaries ( Figure S2 ). We found that Drosophila caspase-1 (dcp1), markers for proliferating and apoptotic cells, and quantified the larval wing disc. These data suggest that multiple 3q29 homologs are involved in apoptosis
22
and proliferation during early development, leading to defects in cell count and organization 23 with reduced expression (Table 1) .
25
Interactions between 3q29 genes enhance neurodevelopmental phenotypes
26
As knockdown fly models of multiple 3q29 homologs showed a variety of neuronal, 27 developmental, and cellular defects, we next hypothesized that interactions between multiple 28 genes in the region could contribute to the neurodevelopmental phenotypes of the entire 29 deletion. We therefore generated GMR-GAL4 recombinant lines for nine 3q29 homologs, Table S6 ). Based on these observations,
9
we assayed for apoptotic cells in the larval eye discs of two-hit knockdown flies involving
10
NCBP2
Cbp20 to determine whether the observed cellular defects were due to increased 11 apoptosis. We observed significant increases in the number of apoptotic cells, as measured by 12 dcp1 ( Figure 4D -E) and TUNEL staining ( Figure S10C-D could mediate the interaction between these two genes ( Figure 4F ).
16
To validate apoptosis as a mechanism for the cellular defects of flies with knockdown suggesting that apoptosis is a candidate mechanism for pathogenicity of the deletion. 
Reduction of 3q29 gene expression causes developmental defects in Xenopus laevis
4
After identifying a wide range of neurodevelopmental defects due to knockdown of 3q29 fly 5 homologs, we sought to gain further insight into the conserved functions of these genes in 6 vertebrate embryonic brain development using the Xenopus laevis model system. We 
17
We performed whole-mount immunostaining with anti-alpha tubulin and found that reduction vertebrate model, confirming that these findings are not specific to Drosophila (Table 1 ). and tissues, the role of NCBP2 towards deletion phenotypes and its interactions with other 26 3q29 genes should be more deeply explored using mouse or human cell culture models.
27
Third, through cellular phenotyping in Drosophila and X. laevis models, we identified 28 apoptosis as a key mechanism for pathogenicity of the 3q29 deletion. In fact, our data suggest 29 that apoptosis is not only affected by knockdown of single 3q29 genes, but can also be 30 synergistically disrupted with knockdown of multiple 3q29 genes ( (Table S4) . Females from these stocks with constitutively reduced gene 27 expression for each of these genes were crossed with RNAi lines of other homologs to 28 achieve simultaneous knockdown of two genes (Figure 1) . We previously demonstrated that 29 these two-hit crosses had adequate GAL4 to bind to two independent UAS-RNAi constructs 30 (67). (Table S2) . Briefly, each RNAi line was crossed with 3
Elav-GAL4 at 25°C to achieve pan-neuronal knockdown of the fly homolog. Adult fly heads 4 at day 3 were separated by vortexing, and total RNA was isolated using TRIzol (Invitrogen,
5
Carlsbad, CA, USA). cDNA was prepared using the qScript cDNA synthesis kit (Quantabio,
Beverly, MA, USA). Quantitative real-time PCR (qPCR) was performed using an Applied were performed using three biological replicates. A list of primers used in the experiments is 11 provided in Table S2 . The delta-delta Ct value method was used to obtain the relative 12 expression of fly homologs in the RNAi lines compared with controls (83).
14
Climbing assay 15 We set up fly crosses at 25°C with Elav-GAL4 to obtain pan-neuronal knockdown of the tests were used to determine significance for each genotype and day of experiment ( Leica Z16APO microscope using a PLAN APO 2X objective lens, and stacked using Leica The levels of cell death in the developing eye were evaluated by staining using the In Situ 
Confocal imaging and analysis
13
Confocal images of larval and pupal eye discs were captured using an Olympus Fluoview 14 FV1000 laser scanning confocal microscope (Olympus America, Lake Success,
15
NY). Maximum projections of all optical sections were generated for display. Acquisition Corporation, Tokyo, Japan), and the z-stacks of images were merged using ImageJ (84).
18
Images for experiments using Diap1 overexpression for rescue of two-hit models were were counted using AnalyzeParticles, and apoptotic cells in wing discs stained with dcp1 27 were analyzed using manual counting. For statistical analysis, we compared the tested 28 genotypes with controls using two-tailed Mann-Whitney tests (Table S12) . analysis, and genes with log2-fold changes >1 or <-1 and corrected false-discovery rates less 10 than 0.05 were considered to be differentially expressed ( We thank V. Faundez for useful discussions and critical reading of the manuscript, and J.
27
Tiber for technical assistance with the X. laevis experiments. This work was supported by 
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Transcriptome analysis Figure 1 . Strategy for identifying cellular phenotypes and genetic interactions of 3q29 homologs. We first knocked down individual or pairs of 14 homologs of 3q29 genes in Drosophila using tissue-specific RNAi. After screening for global phenotypes of single homologs, we tested 316 pairwise interactions using the fly eye system, and found that NCBP2 Cbp20 enhanced the phenotypes of other 3q29 homologs and interacted with other neurodevelopmental genes outside of the 3q29 region. Next, we assayed for deeper cellular and neuronal phenotypes of single-hit and two-hit flies, and found cellular defects that identified apoptosis and cell cycle as candidate mechanisms for pathogenicity of the deletion. We confirmed our results by rescuing cellular phenotypes with overexpression of the apoptosis inhibitor Diap1 as well as by analyzing genes differentially expressed with knockdown of 3q29 homologs. Finally, we tested three 3q29 homologs in the Xenopus laevis vertebrate model system by injecting two-or four-cell stage embryos with GFP and 3q29 morpholinos (MOs) to observe abnormal eye morphology, as well as injecting one cell with GFP and 3q29 MOs at the two-cell stage to observe abnormal brain morphology. We found similar developmental defects to those observed in Drosophila, including increased apoptosis that was enhanced with pairwise knockdown of 3q29 homologs and rescued with overexpression of the apoptosis inhibitor XIAP. X. laevis embryo diagrams were produced by Nieuwkoop and Faber (94) and provided by Xenbase (96). Fold change in forebrain area 
